A R T I C L E I N F O
A B S T R A C T
Growing evidence suggests that renin angiotensin system (RAS) modulators support cognitive function in various animal models. However, little is known about their long-term effects on the brain structure in aged hypertensive animals with chronic cerebral hypoperfusion as well as which specific domains of cognition are most affected. Therefore, in the current study we examined the effects of Candesartan and Compound 21 (C21) (RAS modulators) on aspects of cognition known to diminish with advanced age and accelerate with hypertension and vascular disease. Outcome measures for sensorimotor and cognitive function were performed using a sequence of tests, all blindly conducted and assessed at baseline and after 4 and 8 weeks of chronic hypoxic hypoperfusion and treatment. Magnetic resonance imaging (MRI) was performed at the end of the 8 week study period followed by animal sacrifice and tissue collection. Both Candesartan and C21 effectively preserved cognitive function and prevented progression of vascular cognitive impairment (VCI) but only candesartan prevented loss of brain volume in aged hypertensive animals. Collectively, our findings demonstrate that delayed administration of RAS modulators effectively preserve cognitive function and prevent the development / progression of VCI in aged hypertensive animals with chronic cerebral hypoperfusion.
Introduction

Vascular cognitive impairment
Vascular cognitive impairment (VCI) and dementia are potentially avertable tragedies that rob individuals of their dignity and independence. The two most important risk factors for development and progression of cognitive impairment/dementia, including both VCI and Alzheimer's disease (AD) are advanced age and hypertension [1, 2] . Hypertension is especially important as it increases the risk of dementia both independently and by increasing the risk of stroke. In fact, hypertension alone can predict the development of dementia in nearly 60% of subjects with executive dysfunction [3] . Unlike with AD and other forms of dementia where disturbances in episodic memory may be considered hallmark, the salient feature of VCI is executive dysfunction, which is highly dependent upon the pre-frontal cortex (PFC) [3, 4] . Although long-term memory deficits may be present, it is not a requirement for the diagnosis of VCI. The cognitive deficits, related to PFC regions, ensue long before other symptoms of long-term memory impairment become apparent [3] . Executive dysfunction is therefore an essential component of the comprehensive cognitive/ neuropsychological battery for suspected VCI [5] .
Growing evidence suggests that RAS modulators, including candesartan, which acts by selectively blocking the angiotensin type 1 receptor (AT1R) and allowing an unopposed stimulation of the less abundant angiotensin type 2 receptor (AT2R) by unbound Angiotensin II [6, 7] and the direct AT2R agonist C21, support cognitive function in various animal models [7, 31] . However, little is known about their long-term effects on the brain structure in aged hypertensive animals with chronic cerebral hypoperfusion as well as which specific functions are most affected. The purpose of this investigation was to determine the impact of the RAS modulators, candesartan and C21, on the various aspects of cognitive function involved in the development of VCI in aged hypertensive rats with chronic cerebral hypoperfusion as well as to correlate structural changes, seen with neuroimaging, with those findings at the end of the study period.
Materials and methods
Animals
We conducted our studies using aged, spontaneously hypertensive rats (SHRs), thus satisfying both advanced age and hypertension, as major co-morbidity requirements and primary risk factors for VCI. This is also the strain of choice owing to the similarity of its pathophysiology with human essential hypertension. In addition, the evolution of behavioral and neuropathological characteristics as well as microstructural and cognitive changes are similar to those occurring in human neurodegenerative disorders and VCI [13] . The hemodynamic alterations and cardiovascular adaptations also seem to follow a very similar course in SHRs as with human hypertension [13] .
Experimental design
A total of 28 young adult (4 months old), male SHRs were obtained from Charles River Laboratories and singly housed with free access to food and water, on a 12:12 h light-dark cycle. These animals were kept for 10 months before starting experiments. Once they were approximately 14 months old (weight range 400-440 g), these animals were subjected to permanent unilateral common carotid artery occlusion (UCCAO) and randomly assigned to receive daily C21, candesartan, or vehicle 24 h after surgery (Fig. 2 ). Drugs were administered in a blinded manner. All experimental procedures and animal protocols were approved by the IACUC of the Charlie Norwood Veterans Affairs Medical Center; Augusta, GA.
Unilateral common carotid artery occlusion (UCCAO)
We utilized the permanent UCCAO model to simulate mild, hypoxic hypoperfusion. This model is associated with gradual reductions in CBF and presents a pattern of injury that is apparent in both hemispheres, closely resembling the asymptomatic carotid artery occlusion seen in human atherosclerosis with aging and vascular cognitive impairment/ dementia [14] . For this, SHRs were anesthetized using 2-5% isoflurane inhalation and a ventral mid-line incision was made followed by right common carotid artery separation and ligation of the artery with 4-0 silicon-coated nylon suture.
Treatment
Oral administration of C21 (VicorePharma, GӦteborg, Sweden), Candesartan cilexetil (Astra Zeneca, Cambridge, UK) or vehicle was initiated 24 h after surgery and administered daily for a total of 8 weeks. Treatments were incorporated into the drinking water and adjusted, according to their daily intake, to provide them with 0.12 mg/ kg/d of C21, an oral dose equivalent to 0.03 mg/kg/day IP [15] . The latter dose was chosen based on our previous publications [11, 12] and shown to have superior cognitive benefits. The dose of candesartan (1 mg/kg/d) was chosen and expected to reduce blood pressure significantly in SHRs, according to our published results obtained with blood pressure (BP) telemetry [18, 19] . All treatments were administered by a blinded investigator.
Outcome measures
Assessment of functional outcome
Since rodents are nocturnal animals and exhibit the highest level of activity during the dark phase, all behavioral tests were conducted during the 12 h dark cycle to ensure the most reliable results.
2.5.1.1. Body weight and water intake. Weight monitoring gives an independent and unambiguous measure of an animal's overall health and welfare [20] . Water intake was monitored periodically, over the entire course of the study. Animals were weighed before surgery and then daily thereafter until sacrifice.
2.5.1.2. Neurobehavioral testing. Animals underwent neurobehavioral testing at baseline and again at 4 and 8 weeks after the insult, allowing each individual animal to serve as its own control, hence presenting a more accurate determination of motor and cognitive abilities. The testing sequence, illustrated in Fig. 2 , was designed to minimize task interference -tasks with aversive components, i.e. Inhibitory Avoidance (IA) and Morris Water Maze (MWM), used for assessing spatial learning and long-term/reference memory, were conducted after assessing sensory-motor function (Bederson test) and non-aversive short-term/working memory, Novel Object Recognition (NOR) test. All functional outcomes were assessed using validated, reproducible and blinded tests.
2.5.1.2.1. Sensorimotor testing. To assess sensorimotor function, animals underwent the Bederson test. A score of 0-3 was assigned based on the following parameters: forelimb flexion; diminished resistance to lateral push; and contralateral circling. The animal was given one point for each parameter, with lower scores indicating better performance and a score of zero indicating complete absence of a deficit [16, 17, 20, 21] . In addition, swimming abilities were evaluated using the MWM (limb movement, swim speed and ability to climb onto the platform).
2.5. The NOR test was performed to evaluate non-spatial short-term/ working memory involving frontal-subcortical circuits [23] . This test, based on the spontaneous tendency of rodents to explore and interact with a novel object more than a familiar one, typically consists of 2 trials separated by a retention period and preceded by a habituation phase. The habituation phase (15 min/d) was conducted on 2 separate days before the start of the test, to allow animals to acclimate to their arena, which consisted of an empty standard size box (45 × 45 × 35 cm). On the designated test day, animals were first subjected to an acquisition/sample trial, where the animal was introduced into the box containing 2 identical (sample) objects and allowed to explore for 10 min [22] [23] [24] . Following sample object exposure, the animal was returned to its home cage for a 15 min retention period. The second preference/test trial (5 min), which followed the retention period, was conducted in the same manner as the first trial, except that a new/novel object replaced one of the familiar/sample objects. This interval (delay) between sample and test trials was adjusted to 15 min for selective testing of non-spatial short-term/ working memory. The discrimination index (DI), which is the difference in exploration time for the familiar and novel objects divided by the total time of exploration, and the recognition index (RI), which is the time spent exploring the novel object relative to the total time of exploration, were taken as indicators of working memory [22, 24] . 
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T F and T N are the times spent interacting with the familiar and novel object respectively.
The inhibitory avoidance (IA) test
The Inhibitory Avoidance (IA) Test (commonly referred to as Passive Avoidance Test) was used to assess aversive associative learning and related reference memory. During IA, the animal must actively inhibit the desire and withhold the response, to re-enter a dark chamber or explore a novel compartment, after it has experienced an aversive stimulus in that location [26] . For this test, one of the compartments in a Y-maze equipped with a metal floor, is connected to an electric circuit box adjusted to deliver brief, moderate intensity electric shocks (3 s duration, 1.5 mA). For the acquisition trial, the shock compartment/ arm was blocked and the animal introduced into one of the "safe" arms and allowed 10 min to explore the 2 open arms. After 10 min, the door blocking the shock arm was opened allowing the animal to enter. Once the animal had fully entered the shock arm (base of the tail had crossed into the arm), its initial latency was recorded and it received a brief electric shock before being returned to its cage. After a 72 h retention period, the test trial was conducted. This was performed in a manner similar to that of the acquisition trial except that the foot shock was omitted and all 3 arms were accessible to the animal from the start. The difference, between training and test sessions, in latency for entering into the desired compartment (shock arm) was used as a measure of retention. This latency was recorded for up to 300 s, as the index of long-term aversive associative memory consolidation [26] [27] [28] [29] . Acquisition and retention trials were both performed before (pre) and again after (post) surgical procedure. This was done in order to assess the effect of surgery/treatment by comparing the differences in transfer/ step-through latency times between acquisition and retention trials at 2 time points (before and 4 weeks after surgery).
The Morris water maze (MWM)
The MWM test was used to assess spatial learning, long-term memory and cognitive flexibility. All water maze tests were conducted in a large circular pool of water, 120cm in diameter, 55cm height, filled to a depth of 35 ± 1 cm with water at 25 ± 2 •C. This was separated into quadrants designated northeast (NE), northwest (NW), southeast (SE) and south-west (SW), based on the 4 equally spaced cardinal points N (North), S (South), E (East), and W(West) around the edge of the pool. One of these quadrants contained a transparent escape platform (10.5 cm diameter), submerged 1.5 cm below the water surface and obscured from view. Visual extramaze cues were mounted to aid spatial navigation.
MWM-training/learning sessions
The initial training consisted of a single daily session of 4 trials (120 s each) per day for 7 consecutive days. Animals were initially placed on the escape platform located in a fixed position in the NE quadrant for 10 s before the start of the first trial. Each trial consisted of releasing the rat into the water from 1 of the 4 starting locations and allowing it to find the platform. If they did not reach the platform within 120 s, they were gently guided to it and kept there for 10 s, then removed. Trials were spaced 30 s apart. The starting location of each daily session was varied. All trials were recorded and video tracked by the computerized tracking system Etho-Vision XT 7 (Noldus, Leesburg, VA, USA). This automated system monitored animals' swim patterns and calculated mean escape latency (s), total distance travelled to target (cm), and velocity to target (cm/s). Data from all training sessions were pooled for each individual animal, evaluated and compared between groups at the different time points [30] .
2.5.1.2.2.5. MWM-spatial reference memory test Spatial reference memory was assessed with a probe test 24 h after the last daily session. For this test all procedures were kept the same as during training, except that the platform was removed and rats were allowed to swim for 60 s in an attempt to find it. Performance was evaluated by measuring time spent in the target quadrant/zones, proximity to the target location, and initial latency to the target zone [30] . The target zone was centered on the platform location and was 2.5 times bigger.
2.5.1.2.2.6. MWM-learning and cognitive flexibility/reversal training Cognitive flexibility, which allows for flexible updating of representations in response to changing environmental contingencies, and "new" learning, was assessed by the reversal training/reversal probe test. Such ability is critically dependent on PFC systems and strongly affected by the aging process across species [31] . For reversal training, all parameters were kept the same, except that the platform was moved to a new location, in the SE quadrant. Each rat was given a single daily session of 4 trials (120 s each) per day for 2-3 consecutive days, to learn the new location. The reversal probe test was conducted similarly to the initial probe test, for which all procedures are kept the same as during training, except that the platform was removed and rats are allowed to swim for 60 s in an attempt to find it. Performance was evaluated by measuring time spent in the target and previous quadrants/zones, proximity to the target locations, and initial latency to the target and previous locations [30] .
Magnetic resonance imaging (MRI)
To determine the changes in the brain, ventricular volume, and white matter hyper intense areas, animals underwent T2 -weighted and fluid attenuated inversion recovery (FLAIR), 8 weeks after UCCAO. This was performed using a horizontal 7.0 T BioSpec MRI spectrometer (Bruker Instruments, Billerica, MA) equipped with an 8.9-cm micro imaging gradient insert (100 G/cm. All T2-weighted MRI and FLAIR images were obtained at Augusta University by the Core Imaging Facility for Small Animals (CIFSA) [32] . All MRI images were registered DICOM sequences, analyzed using FIJI [33] . Total brain volume as well as hippocampal and ventricular volumes (regions if interest), were determined on binarized sequences obtainedby thresholding [33] . For each region of interest, the volumes were calculated by adding the areas measured on each slice and multiplying it by the slice thickness (1 mm in all cases).
Animal sacrifice and tissue collection
At day 60, animals were anesthetized with IP ketamine/xylazine and transcardially perfused with 300 ml of ice cold 1X PBS. Animals were decapitated and their brains collected.
Sections A and B from the brain matrix, which consisted of the prefrontal cortical region were snap frozen and kept for ELISA.
Protein expression
Quantitative determination of Aβ 1-42 concentrations in cortical lysates were carried out using a rat specific sandwich amyloid-β ELISA kit (Wako, USA), according to the manufacturer's protocol [34] .
Statistical analysis
All statistical analyses were performed using SAS 9.4 and statistical significance was assessed using an alpha level of 0.05, unless otherwise noted. Descriptive statistics (means and standard deviations) for behavioral data measures in aged animals within group and at indicated measurement times were determined. Repeated measures ANOVA mixed models were used to examine differences in outcomes, cognitive functional outcomes-NOR, PAT, and MWM, as well as water intake between the three groups over time. For each outcome, the mixed model contained fixed effects of group, time and the two-factor interaction between group and time. Animal nested within group was considered a random effect. The statistical test of interest was the F-test for the two-factor interaction between group and time. If this interaction was statistically significant it would indicate that the changes in the studied parameter over time are different in the three groups. A Bonferroni adjustment to the overall alpha level for the number of post hoc pair-wise comparisons performed within group between measurement weeks and within weeks between groups was used to control for the number of tests performed. To examine differences in weight over the 8 week/56-day period (from baseline/pre-surgery, day 0) to the day of sacrifice (56 days following surgery) between groups, a quadratic growth curve model was utilized. Day of measurement was considered a continuous variable. The fixed effects in the model included group and random effects included the intercept, linear day term, and the quadratic day 2 term. A compound symmetric variance co-variance structure provided the best model fit. Differences between groups for specific days (0, 1, 7, 10, 29, and 56) were examined using the estimated least squares means from a repeated measures mixed model and using a Bonferroni adjustment to the overall alpha level for the number of comparisons made between groups. For the MWM reversal training and testing outcomes, as well as MRI and molecular parameters, oneway ANOVA was used to examine differences between the groups. A Tukey-Kramer multiple comparison test was used to examine post hoc pair-wise differences.
Integrated results and discussion
3.1. Mild cerebral hypoperfusion does not affect the fluid intake or body weight of aged hypertensive animals
The mild cerebral hypoperfusion induced by UCCAO did not alter the aged SHR's normal activities of daily living. All animals retained their ability to groom and maintain their appearance. Food and water intake was consistent and did not differ across the groups. There was no statistically significant difference in post hoc pair-wise comparisons in mean fluid intake between groups within measurement time or between measurement times, within groups, (Fig. 3A) . Animal body weight was also stable throughout the study duration with no statistically significant differences between any of the groups (Fig. 3B ).
Mild cerebral hypoperfusion does not affect the motor function of aged hypertensive animals
None of the groups displayed any visible motor impairment at 24 h post-UCCAO. This was evidenced by a Bederson score of zero which indicated absence of deficits in the 3 parameters, namely gait, motor coordination and forelimb function. All animals continued to show impeccable motor function including fine motor skills (reflected by the animals' ability to easily peel and eat sunflower seeds), locomotion and gross motor skills (gait, overall movement, motor performance and swimming ability (Fig. 4) . These aspects did not differ between animals at baseline, 4 weeks or 8 weeks after UCCAO in any of the treatment groups. This was consistent with previous publications [35] .
RAS modulators resulted in preservation of non-spatial recognition and short-term working memory in aged hypertensive animals with chronic cerebral hypoperfusion: novel object recognition (NOR)
A statistically significant two-factor interaction between group and time was found for both discrimination index (DI) (Fig. 5A ) and recognition index (RI) (Fig. 5B) , indicating that the changes for each outcome over time in the groups had a different pattern. Specifically, vehicle treated animals showed progressive, significant reductions both in DI and RI from baseline to 4 and 8 weeks post-UCCAO. Their DI at week 4 (P = 0.0004) and week 8 (P < 0.0001) were significantly lower than baseline, and week 8 was significantly lower than week 4 (P = 0.0002). This pattern was similar to that of the RI, with baseline values significantly higher than those of week 4 (P = 0.0006) and week 8 (P < 0.0001), and week 4 was significantly higher than week 8 (P = 0.0003).
The C21 treated animals, on the other hand, stayed relatively constant from baseline to 4 and 8 weeks, showing no statistically significant differences in DI or RI between any of the different time points. Candesartan treated animals had a temporary reduction at 4 weeks (P = 0.0015) with complete recovery at 8 weeks post UCCAO. There were no statistically significant differences between any of the groups at baseline or at 4 weeks post-UCCAO. However the DI and RI of the vehicle group was significantly lower than both the C21 (P = 0.0023) and candesartan (P = 0.0002) groups at week 8 post-UCCAO. A major advantage of this test is that it can be considered a "pure" recognition memory test, which reliably evaluates non-spatial working memory related to the frontal sub-cortical circuits. It does not involve reference memory components (e.g. explicit rule learning) and is unaffected by lesions of the hippocampus. Rodents with hippocampal damage can perform normally on the NOR test, making it a more selective index of mPFC function [35] [36] [37] . Another advantage of the NOR is that this test doesn't involve positive reinforcements (e.g. food, so doesn't require food restriction) or negative reinforcements with strong aversive stimuli (e.g. electric shocks likely to produce stress and may influence performance) thus making it more comparable to the memory tests used in humans. This test, being quick and easy to implement, is widely used for assessing cognitive impairment in pre-clinical research [24, 25, [38] [39] [40] . The groups treated with RAS modulators showed superior performance on the NOR test, used to evaluate non-spatial working memory, compared to vehicle treated animals.
RAS modulators reinforced spatial reference memory and reduced progression of cognitive impairment in aged hypertensive animals with chronic cerebral hypoperfusion: Morris water maze probe test
At baseline (before the surgical procedure), the PAT transfer/stepthrough latency time significantly increased on the retention trial as compared to the acquisition trial for all the animals. These animals showed similarly high "differences" in the transfer/step-through latency times between acquisition and retention trials at baseline. This not only indicates an intact reference memory, with retention of the aversive event, it also signifies effectual associative learning and recall of the connection between properties of the chamber and the foot shock. However, when this test was conducted again 4 weeks post-insult, none of the animals entered the shock arm on the acquisition trial and were not exposed to the aversive stimulus (electric shock). Consequently, it was not possible for us to proceed with the retention trial. This may have been due to the initial baseline shock intensity which may have been too high for the aged SHRs known to have low tolerance as well as exaggerated responses to acute stressful stimuli [3] . This may have been negatively affected by the harsh experience as was evident by a complete lack of desire to explore the novel arm on the pre-acquisition trial. This was in contrast to their baseline pre-acquisition latency which averaged to 23.4 s. All animals entered the novel arm quickly and took an average < 25 s). To assess spatial reference memory, the MWM probe test was conducted both at baseline and after 4weeks of treatment (4 weeks post-UCCAO). Although all animals showed a similar ability to learn the initial platform location (NE) at baseline, some of these animals showed signs of memory decline (mild cognitive impairment) as indicated by poor performance on the probe test. Although most parameters including the total distance traveled and total time (cumulative duration) spent in the target quadrant did not differ significantly, these animals did take slightly longer to reach the actual platform zone (longer latency) at 4 weeks post-UCCAO (Fig. 6A) . These animals also spent significantly less time in the platform zone at 4 weeks post-UCCAO (Fig. 6B and C) . The probe test was repeated at 4 weeks post-UCCAO and a statistically significant twofactor interaction between group and time existed for several parameters, indicating that the changes in such outcomes over time had a different pattern for the different treatment groups. While the aged vehicle treated rats showed a significant increase (worsening) in latency to reach the target platform zone and spent less time (cumulative duration) in the target zone at 4 weeks post-stroke compared to their initial baseline values, the C21 and candesartan treated animals actually showed the opposite pattern. These RAS modulator treated animals actually showed reductions (improvements) in latency at 4 weeks compared to their initial baseline values, and also tended to spend more time in that target zone. These findings may signify a possible reinforcement of learning with treatment, resulting in a stronger, more stable long-term memory.
RAS modulators resulted in improved cognitive flexibility and reduced preservative behavior in aged hypertensive animals with chronic cerebral hypoperfusion
Although all animals displayed similar learning patterns on the initial (NE platform location) training, their ability to update this information at 4 weeks post-stroke and to learn a new location differed Fig. 3 . Effect of mild cerebral hypoperfusion on the fluid intake and body weight of aged hypertensive animals. The (A) fluid intake and (B) weight trend of aged SHRs, at various time points, before and after UCCAO (n = 8-10 animals/group). Symbols and error bars indicate mean and SEM. A compound symmetric variance co-variance structure provided the best model fit. Differences between groups over time were examined using the estimated least squares means from a repeated measures mixed model and using a Bonferroni adjustment to the overall alpha level for the number of comparisons made between groups, any differences were nonsignificant. Fig. 4 . Effect of mild cerebral hypoperfusion on the motor function of aged hypertensive animals. Swim speeds on the initial and reversal training/test of the Morris Water Maze test were taken as measures of swimming ability, a parameter of motor function (n = 8-9 animals/ group). Error bars indicate SEM. Repeated measures ANOVA mixed models were used to examine differences in outcomes, for the initial training, between the groups over time. Statistical significance for post hoc comparisons using Bonferroni adjustment to the overall alpha level for the number of post hoc pair-wise comparisons, *P < 0.0056, the Bonferroni adjusted alpha. For the reversal training and testing outcomes, a one-way ANOVA was used to examine differences between the groups and a Tukey-Kramer multiple comparison test was used to examine post hoc pair-wise differences. Any differences were nonsignificant.
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Behavioural Brain Research 346 (2018) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] significantly between the treatment groups. Animals treated with RAS modulators showed significantly lower (better) latencies to the new target (SE) quadrant and platform zone on the reversal training at 4 weeks post-surgery, compared to those of vehicle treated animals, P = 0.0107 and P = 0.0257 for C21 and Candesartan respectively ( Fig. 7A and B) . These animals also showed significantly lower latencies to the new target zone on the reversal testing (when the platform was removed) compared to those of vehicle treated animals, P = 0.0152 and P = 0.0056 for C21 and Candesartan respectively. They also had lower mean distances to this new target zone compared to vehicle treated animals (Fig. 7C ). This means their swim pattern was more focused as they were more inclined to swim closer to this target location while attempting to find it. Moreover, these C21 and candesartan treated animals tended to spend more time in the new target (SE) zone (Fig. 7D) . What was also interesting was that the vehicle treated animals spent significantly more time in the previous target (NE) quadrant compared to C21 (P = 0.0006) and Candesartan (P = 0.0022) treated animals ( Fig. 7E) . This preservative behavior, seen in the vehicle treated animals, is an important indicator of the decreased cognitive flexibility often associated with VCI. These deficits are attributed to difficulty with the updating of information in response to changing environmental contingencies. This may result from impaired consolidation or retrieval of brand new memories or with difficulty inhibiting an adaptive or previously learned response when it became no longer appropriate [30] . Heat maps were also generated, for the reversal, to illustrate the relative time spent in each of the different locations (Fig. 7F ).
3.6. RAS modulators reduced negative changes in the brain macrostructure of aged hypertensive animals with chronic cerebral hypoperfusion: MRI Representative images (Fig. 8A-C) , T2-weighted brain MRI scans of aged SHRs with chronic cerebral hypoperfusion, revealed global brain atrophy (Fig. 8D) , smaller hippocampal volumes (Fig. 8E ) and significant ventricular enlargement (Fig. 8F ) in vehicle treated animals compared to the RAS modulator treated animals. These findings are consistent with those of others [3, 32, 34] . Although these changes were reduced in both candesartan and C21 treated animals, only the candesartan group achieved statistical significance when compared to the vehicle treated animals (P < 0.05).
RAS modulators tended to reduce negative changes in the brain microstructure of aged hypertensive animals with chronic cerebral hypoperfusion
The FLAIR sequence images displayed hyperintense areas in the white matter and hippocampus in both hemispheres of aged hypertensive animals (Fig. 8G ). These were significantly lower in candesartan treated animals (P < 0.05) (Fig. 8H) . This is an interesting finding. Although such diffuse WMHs are a frequent finding in elderly, hypertensive patients, these have not been consistently seen in animal models. One study found severe white matter lesions in 5 month old stroke prone SHRs (SHR-SP) but not in standard SHRs [40] . This was also seen by other groups who used SHRs that were 6 months [33] and 10 month old [41] . These groups failed to detect WMHs despite significantly enlarged, hyperintense lateral ventricles and smaller brain volumes, in addition to significant impairments in non-spatial working memory [33] . Therefore, ours is the first study to detect WMHs in standard SHRs. This may have been partly because we conducted our MRIs on 16 month old SHRs while the maximum age used in the other MRI studies was 10 months. This is also the first and only study to evaluate the effect of RAS modulators (candesartan and C21) on appearance of WMH in aged SHRs. Although we found these WMHs to be significantly lower in candesartan treated animals, they were also reduced to some extent in C21 treated animals compared to vehicle treated controls. While this difference did not reach statistical significance, it may become apparent with future studies using a larger sample size or a higher dose of C21.
3.8. C21 prevents cortical accumulation of Aβ in aged hypertensive animals with chronic cerebral hypoperfusion Aβ is known to be a neurotoxic substance. It damages nerve cells by oxidative stress and activates a variety of inflammatory and pro-apoptotic pathways, all of which play an important role in the pathogenesis of AD [42] . Therefore, an important area of AD research involves the identification of agents capable of inhibiting Aβ mediated neurotoxicity [42] . Unfortunately, the relationship between Aβ and dementia is complex. Reports of associations between Aβ with cross-sectional measures of brain atrophy and dementia are not consistent [43] . Some reports indicate that individuals with Aβ alone do not show progressive Fig. 5 . Effect of RAS modulator treatment on the non-spatial working memory of aged hypertensive animals with mild cerebral hypoperfusion. Effect of treatment on the (A) Discrimination Index (DI) and (B) Recognition Index (RI) of aged hypertensive animals, at different time points after ischemic insult (n = 8-10 animals/ group). Symbols and error bars indicate mean and SEM. Repeated measures ANOVA, mixed models, were used to examine differences in outcomes between the three groups over time with post hoc pair-wise comparisons denoted by *P < 0.0042, the Bonferroni adjusted alpha.
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Behavioural Brain Research 346 (2018) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] atrophy or dementia [42] [43] [44] [45] . On the other hand, a combination of Aβ and cerebrovascular disease, including either chronic cerebral hypoperfusion and /or acute ischemia, is known to negatively affect cognition [46, 47] . In our study, animals treated daily with C21, starting at 24 h after UCCAO had markedly lower concentrations of amyloid beta (Aβ ) in their prefrontal cortex at 8 weeks post-ischemia than those treated with vehicle ( Fig. 9 ). This finding, although novel, may not be responsible for the cognitive benefits associated with RAS modulators, since animals treated with candesartan also displayed preserved cognitive function, despite sustained elevations in cortical Aβ . It is possible, however, that candesartan also achieved its benefits by reducing Aβ 1-42 mediated cytotoxicity. In an in vitro cell culture study we conducted on human brain endothelial cells, candesartan effectively prevented Aβ 1-42 mediated cytotoxicity under both normoxic and hypoxic conditions (data not shown). These findings were in line with the those of earlier studies which also demonstrated that ARBs are effective at preventing Aβ-induced cytotoxicity and vascular damage [47] .
Conclusion-significance of the proposed research and its relevance to population health
Vascular dementia is, after Alzheimer's disease, the second most common cause of acquired dementia and represents between 25 and 30% of total dementia cases [3] . In VCI, PFC-supported executive Fig. 6 . Effect of RAS modulator treatment on spatial reference memory of aged hypertensive animals with mild cerebral hypoperfusion. Spatial reference memory evaluated with the Morris Water Maze probe test in aged SHRs. The platform was removed and rats were allowed to swim for 60 s in an attempt to find it. Performance was evaluated by measuring (A) initial latency to the target zone as well as (B) time spent in the target zones. (C) Heat maps illustrating relative time spent in the various locations during the probe tests both before (pre-probe) as well as 4 weeks after (pre-probe) after initial ischemic procedure. The target (NE) quadrant is indicated with black lines (n = 8-10 animals/group). Symbols and error bars indicate mean and SEM. Repeated measures ANOVA, mixed models, were used to examine differences in outcomes between the three groups over time with post hoc pair-wise comparisons denoted by *P < 0.0056, the Bonferroni adjusted alpha.
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Behavioural Brain Research 346 (2018) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] functions (mainly working memory, processing speed and cognitive flexibility) are those primarily affected [23, 30] . This is a pattern of cognitive impairment that is most commonly encountered in those with long-standing hypertension and is also particularly sensitive to decline with age [6, 28] . Currently, there is no established method/therapy for prevention of VCI, apart from general vascular risk factor management, including blood pressure control. Moreover, no cure is available once the cognitive deterioration manifests. To our knowledge, this is the first Fig. 7 . Effect of RAS modulator treatment on cognitive flexibility/new learning in aged hypertensive animals with mild cerebral hypoperfusion. Cognitive flexibility and "new" learning was assessed by the reversal training/test. Performance was evaluated by measuring (A) Latency to target quadrant (B) Latency to target/platform zone (C) Distance to platform zone, which is how close they swim to target location while attempting to find it (D) Duration in target zone (E) Duration in previous quadrant, which indicates preservative behavior in aged hypertensive animals and (F) Heat maps illustrating relative time spent in the various locations during the reversal, the target (SE) quadrants is indicated with black lines (n = 8-10 animals/group). Bars and error bars indicate mean and SEM. A one-way ANOVA was used to examine differences between the groups and a Tukey-Kramer multiple comparison test was used to examine post hoc pair-wise differences. Statistical significance for post hoc comparisons using Tukey's multiple comparison procedure are denoted by *P < 0.05.
long-term study to compare the effects of C21 and Candesartan to vehicle on the specific cognitive parameters known to be associated with VCI and further accelerated with aging. This thorough investigation was comprised of a sequence of neurobehavioral tests assessing the various aspects of learning and memory in aged hypertensive animals with chronic cerebral hypoperfusion. This was conducted both at baseline and at different stages during treatment. The present study demonstrated that RAS modulators, candesartan and C21, effectively prevented progression of VCI in aged hypertensive animals and that C21 was not inferior to Candesartan. Treatment was initiated in aged (14 month old) SHRs and continued for a total of 8 weeks. The more potent effect of candesartan on brain atrophy and white matter damage, as quantified using MRI, is likely due to the BP lowering effects of candesartan or perhaps a failure to utilize an equivalent dose of C21. Either way, this means that initiating treatment with the RAS modulators even later in life may help preserve cognitive function in older individuals with hypertension and mild cerebral hypoperfusion due to carotid artery stenosis.
